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Abstract
In 1985, a tailing dam collapsed in Hunan province (southern China) leading to soil contamination by heavy metals from the
tailings waste. Moreover, acid deposition becomes more and more serious in this area. In this context, two forest soils (a red soil
and a yellow red soil, typically and commonly found in southern China) were collected from Hunan. The objectives are (i) to
determine releases and changes in speciation fractions of heavy metals (especially Cd, Cu, and Zn) when the soils are
contaminated with heavy metals and affected by simulated acid deposition, and (ii) to study effects of soil heavy metals and acid
deposition on releases of soil Ca2+, Mg2+, and Al3+. The soil samples were soaked in the solutions of CdCl2, CuCl2, and ZnCl2
for 15 days to make contaminated soils containing 200 mg kgÿ1 of Cd, Cu, and Zn. Then the contaminated soils and the original
soils were extracted with five simulated acid deposition solutions (pH ranged from 5.6 to 3.0 and total dissolved salts
increased). The experimental results indicate that acid deposition leads to great releases of soil heavy metals due to complicated
soil chemical processes, mostly cation exchange and partly dissolution of minerals at pH lower than 4.2. These released heavy
metals come mainly from soil exchangeable pools and other labile fractions. Releases of heavy metals are closely controlled by
pH values or, in some cases, total cation contents in acid deposition; meanwhile, concentrations of heavy metals are negatively
related to the relevant pH values in soil equilibrium solutions when pH values are in a range of 4.2–5.1. From the point of view
of heavy metal releases, Zn is the most sensitive to acid deposition, followed by Cd and Cu. Compared with the original soils,
the contaminated soils could probably release more base cations Ca2+ and Mg2+ and less Al3+. Greater amounts of Cd, Cu, Zn,
and Al released from Soil B show that this soil is more sensitive to acid deposition, and we could expect serious environmental
contamination in Soil B area if mining activities and acid deposition are not under control in the future.
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1. Introduction
Soil heavy metal contamination and acid deposition
effects on terrestrial ecosystems are two major environ-
mental problems of wide concern for some countries
(Rautengarten et al., 1995). If soils contain high
contents of heavy metals and suffer serious acid
deposition, we can obviously wonder about the
consequences for the ecosystems. Some authors
indicated that bioavailability, mobility, and activity of
soil heavy metals in the field were greatly affected by
acid deposition (Hernandez et al., 2003), because acid
deposition resulted in great releases of heavy metals
from soils with a certain deposit of heavy metals,
mostly due to cation exchange in soils with H+, Ca2+,
Mg2+, and NH4
+ coming from acid deposition (Probst et
al., 2000). Acid deposition has become one of the most
important factors resulting in environment acidifica-
tion. Although mobility of Cd in soils was lower at
higher pH, Cd became more moveable and toxic to
plants in acidic environment (Santillan-Medrano and
Jurinak, 1975; Bru¨mmer and Herms, 1983; Tyler et al.,
1985; Xia, 1997). Cd2+ can accumulate and redistribute
in some plant organs, resulting in plant injuries
(Lagriffoul et al., 1998), changes in plant protective
enzymes (Chien et al., 2001), or changes in photo-
synthetic sensitivity of plants at different growth stages
(Skorzynska Polit and Baszynski, 1997). Addition of
Zn and other heavy metals can cause interactions with
soil Cd, leading to increases in plant absorption
coefficients, which are even more serious in acid and
neutral soils (Wu et al., 1997). Martin and Kaplan
(1998) conducted a field study of 30 months and
suggested that metallic (Cu, Pb, Zn) and alkaline earth
(Ca and Mg) cations reduced Cd adsorption by
competing for available specific adsorption and cation
exchange sites, and presence of ligands such as Clÿ and
SO4
2ÿ might decrease Cd adsorption by forming
poorer-adsorbing complexes. Meanwhile, changes of
heavy metal contents in soils due to acid deposition
would influence availability and mobility of soil major
cations such as Ca2+, Mg2+, and Al3+. Simulated
experiments demonstrated that addition of heavy
metals to soils increased activity of Ca2+, Mg2+, and
K+ in soil solutions, and addition of Ca2+ and Mg2+ led
to greater release of soil Cd (Tu et al., 1997).
Acid deposition and emissions of SO2 have been
controlled in some developed countries since 1990s
(Lynch et al., 2000). In China, however, acid
deposition is still in development and effects of acid
deposition are serious, especially in southern China
(Liao et al., 1998). Hunan, a province in southern
China, is located in the center area of acid deposition.
Meanwhile, Hunan is also called as bthe town of non-
ferrous metals in ChinaQ, meaning that there are many
large deposits of heavy metals in Hunan, and
production of heavy metals in Hunan is high. An
environmental accident was reported in southern
Hunan, i.e. the collapse of a tailing dam in Chenzhou
lead/zinc mine that happened in 1985 and the farm-
land along the Dong river that was covered with
mining wastes spills about 15 cm thick (Liu et al., in
press). This fact makes us worry about some extreme
situations to happen. For example, some presently
uncontaminated soils in this area are covered with
heavy metal waste tailings and acid deposition
becomes more serious in the future. In this case, a
serious complex contamination of heavy metals and
acid deposition in the local ecosystem is expected.
Although heavy metal contents in top soils are at
present probably not very high in most areas in Hunan,
these soils are vulnerable to contamination of heavy
metals due to their higher sensitivity to acid inputs (Tao
et al., 2002). Based on a hypothesis of the extreme
situations described above, we conducted a batch
experiment in laboratory with two top soils (both were
natural developed forest soils, one from Changsha in
northern Hunan, and another from Chenzhou in south-
ern Hunan) treated with 200 mg kgÿ1 of externally
sourced heavy metals and simulated acid deposition
solutions (pH ranging from 5.6 to 3.0). The primary
objectives of this study were (i) to determine releases
and changes in speciation fractions of heavy metals
(especially Cd, Cu, and Zn) when the soils are seriously
contaminated with heavy metals and affected by
simulated acid deposition, and (ii) to study effects of
soil heavymetals and acid deposition on releases of soil
Ca2+, Mg2+, and Al3+.
2. Materials and methods
2.1. Site description
Dashanchong (28823VN, 113817VE) is a forest area
near Changsha (about 50 km N/E), northern Hunan.
There are no deposit and contamination reports of
heavy metals here. The soil in this area is a red soil (in
Chinese system) with a main vegetation China fir
(Cunninghemia lanceolota), and annual average
precipitation and temperature are about 1540 mm
and 18 8C, respectively. A soil sample (marked as Soil
A) was collected from the top 30 cm of a soil profile
here. However, in another site, Shizhuyuan mining
area (25848VN, 113802VE) located in Chenzhou, south-
ern Hunan, mining activities of heavy metals have
been conducted for about 500 years and ore waste
tailings have been piled up around. In recent decades,
high contents of heavy metals such as Zn, Cd, Cu, Pb,
Cr, and As have been found in the environment
nearby due to the collapse of a tailing dam in 1985,
especially in the soils and stream waters. The soil here
is a yellow red soil (in Chinese system). Typical
vegetation is China fir (C. lanceolota), Masson pine
(Pinus massoniana), and bushes. Annual average
precipitation and temperature in this area are about
1100 mm and 18 8C, respectively. A soil sample
(marked as Soil B) was taken in this area from the top
30 cm of a soil profile in a place uncontaminated at
present but in danger of contamination. The two soil
samples were air dried, and then passed through a 2
mm sieve for the further experiment. These two soils
(original soils A and B), both developed from
Quaternary red clay (belonging to Allitic Udic
Ferrisols in FAO system), are very typical soils and
cover with most area in Hunan even in whole southern
China.
2.2. Experimental conditions
2.2.1. Simulated acid deposition
Five solutions of simulated acid deposition used in
the following experiment were made of Ca(NO3)2,
(NH4)2SO4, MgSO4, CaCO3, K2SO4, Na2SO4, and
H2SO4, and the compositions were given in Table 1.
A dilute solution of HCl was used to adjust pH values
of the solutions. The composition of AR3 was similar
to that of present-day acid deposition in Changsha
area. In AR3, pH was 3.5, the molar ratio of [SO4
2ÿ]/
[NO3
ÿ] was 3.9, and that of [Ca2+]/[NH4
+] was about
0.9. AR1 (with pH 5.6) contained half of the contents
of other ions (except for Clÿ) compared with AR3,
and was supposed as an improved deposition situation
in the future. AR2 with pH 4.5 and the same contents
of the other ions as in AR3 was used to check the
effects of acidity of acid deposition. AR4 had the
same pH value as AR3, but double concentrations of
the other ions, and corresponded to a worse situation
of acid deposition in the future. AR5 was an acid
solution with pH 3.0 and double ion concentrations as
in AR3, supposed as acid deposition in the future if
emissions of SO2 are not under control. From AR1 to
AR5, the acidity and TDS (total dissolved salts)
increased. Bolt and Bruggenwert (1976) indicated that
the ratio [Ca2++Mg2+]1/2/[H+] in deposition solutions
was important for soil acidification, i.e. the lower the
ratio value, the higher the potential to acidify soil. The
ratio values for these five simulated solutions were in
the order AR1NAR2NAR4zAR3NAR5.
2.2.2. Description of the experiment
In the two original soils, contents of metals Cd,
Cu, and Zn are quite different. However, the back-
ground values are 0.01–2 mg kgÿ1 for Cd, 2–250 mg
kgÿ1 for Cu, and 1–900 mg kgÿ1 for Zn (Wang,
2000). In order to compare releases of these three
elements from soils influenced by acid deposition and
heavy metal waste tailings on the same base, we
added 300 ml solutions containing CdCl2, CuCl2, and
ZnCl2 to 60 g soil samples, so that the soil samples
were enriched with 200 mg kgÿ1 of additional Cd,
Cu, and Zn. This situation rarely happened in the
field, but simulated the soils covering with waste
tailings. After 15 days of soaking cultivation, the soil
Table 1
Compositions of simulated acid deposition solutions used in the experiment (Amol lÿ1)
Code pH (H+) SO4
2ÿ NO3
ÿ Ca2+ NH4
+ Mg2+ K+ Na+ Clÿ [Ca2++Mg2+]1/2/[H+]
AR1 5.6 (2.5) 54 14 35 38 3 5 9 9 2.47
AR2 4.5 (32) 108 28 70 77 7 10 18 52 0.274
AR3 3.5 (316) 108 28 70 77 7 10 18 330 0.0278
AR4 3.5 (316) 215 55 140 153 13 19 37 340 0.0391
AR5 3.0 (1000) 215 55 140 153 13 19 37 1036 0.0124
samples were air dried, passed through a 2 mm sieve,
and finally prepared to be the contaminated soils for
the following batch experiment.
30 g of the prepared contaminated soil sample was
weighed in a conical flask, and 150 ml of simulated
acid deposition solution was added, then the mixture
was shaken for 15 min every 12 h within 2 days. After
centrifugally separating the equilibrium solution, the
soil sample was extracted with another 150 ml of fresh
simulated solution, repeating these processes 5 times
during a period of 10 days. In this way a leaching
process of acid deposition in the field was simulated
roughly in laboratory. All soil extracting solutions (i.e.
soil equilibrium solutions) were passed through a 0.45
Am membrane, pH was measured, and then the
solutions were stored at 4 8C for further analysis.
Another batch experiment was conducted for the
original soils with the same processes, aiming at
studying effects of soil heavy metals and acid
deposition on releases of soil Ca2+, Mg2+, and Al3+.
The whole experiment was conducted at room
temperature 25 8C and repeated 3 times.
2.3. Analytical methods
According to Chinese standard methods for soil
analysis (Lu, 2000), contents of soil organic matter
were determined by a volumetric method of K2Cr2O7-
heating, cation exchange capacity (CEC) and base
saturation (BS) were determined by extracting with a
1.0 mol lÿ1 NH4OAc solution (pH 7.0). Speciation
fractions of soil heavy metals were studied, and
divided into six fractions according to the following
operational procedures (Chao, 1972; Tessier et al.,
1979; Shuman, 1982): exchangeable including water
soluble (Ex-) extracted with 1.0 mol lÿ1 MgCl2 (pH
7.0), bound to manganese oxides (OMn-) extracted
with 0.1 mol lÿ1 NH2OHd HCl (pH 2.0), bound to
organic matter (OM-) extracted with 0.02 mol lÿ1
HNO3ÿ 30% H2O2-3.2 mol l
ÿ1 NH4OAc, bound to
amorphous iron oxides (AOFe-) extracted with 0.2
mol lÿ1 (NH4)2C2O4-0.2 mol l
ÿ1 H2C2O4 (pH 3.0),
bound to crystalline iron oxides (COFe-) extracted
with 0.2 mol lÿ1 (NH4)2C2O4-0.2 mol l
ÿ1 H2C2O4
(pH 3.0)ÿ0.1 mol lÿ1 C6H7O6, and residue (Res-)
treated with HF–HClO4. Metals in the solutions were
determined on atomic absorption spectroscopy (AAS,
Shimadzu AA-6800), graphite furnace for Cd, Cu, and
Zn, and flame for Ca2+, Mg2+, and Al3+, and the
detection limit for all metals was generally lower than
1 Ag lÿ1. Soil pH was measured with a pH electrode
(Mettler Tolede 320). Analysis uncertainties of metals
on AAS were estimated by analyzing the replicated
soil solutions. The average standard deviations were
about 5% for all metals, and the differences between
the sums of various metal fractions (determined step
by step) and the total contents (determined directly by
acid digestion using a mixture of HF/HNO3/HClO4/
H2O2 on hot plates at atmospheric pressure (Lu,
2000)) of soil heavy metals were within 10%.
3. Physico-chemical characteristics of the original
soils
The two original soils (Soil A and B), before
addition of metal chlorides, were weakly acidic with
pH 4.72 and 4.48, respectively (Table 2a). The CEC
and BS were in a range of 10.1–11.6 cmolc kg
ÿ1
and 14.4–12.5%, respectively, showing a low-mod-
erate buffering capacity to acid deposition. The
organic matter contents were 22.0–20.9 g kgÿ1 due
to well developing vegetation. Although Fe2O3
content was higher in Soil B (5.34 g kgÿ1) than in
Soil A (3.07 g kgÿ1), Al2O3 content was higher in
Soil A (1.63 g kgÿ1) than in Soil B (0.98 g kgÿ1).
Meanwhile, Soil A had more fine particles (b0.02
mm accounting for 76.3%) and less coarse particles
(0.05–2 mm accounting for 17.5%) than Soil B
(b0.02 mm for 68.0% and 0.05–2 mm for 25.8%).
These data implied that Soil A probably had a
greater potential to hold metal ions.
The total contents of heavy metals in Soils A and B
were Cd (1.2–1.9 mg kgÿ1)bCu (21.2–33.0 mg
kgÿ1)bZn (243.5–289.4 mg kgÿ1), and this was also
the abundance sequence for exchangeable fractions of
Cd (0.24–0.28 mg kgÿ1), Cu (0.76–0.86 mg kgÿ1),
and Zn (3.92–4.47 mg kgÿ1; Table 2b). Except in
residue fractions (27–32%), Cd was distributed evenly
in the other five fractions (10–18%). Cd was the only
one element with exchangeable fraction higher than
10%, similar to the results of Li and Thornton (2001)
and Probst et al. (2003). For Cu, the important
fractions were residue (46–66%) and bound to
crystalline Fe oxides (20–33%), which belonged to
relatively non-labile fractions. For Zn, the largest
Table 2
Physico-chemical properties (a) and speciation fractions of heavy metals (b) in the original soils
(a) Physico-chemical properties of the original soils
Code Site Soil
type
pH Cation
exchange capacity
(CEC, cmolc kg
ÿ1)
Base
saturation
(BS, %)
Organic
matter
(g kgÿ1)
Content of
amorphous
oxides (g kgÿ1)
Content of soil particles (%) Content of
heavy metals
(mg kgÿ1)
Al2O3 Fe2O3 2–0.25
mm
0.25–0.05
mm
0.05–0.02
mm
0.02–0.002
mm
b0.002
mm
Cd Cu Zn
Soil A Dashanchong
(Changsha)
Red soil 4.72 10.1 14.4 22.0 1.63 3.07 7.1 10.4 6.3 43.9 32.4 1.2 33.0 243.5
Soil B Shizhuyuan
(Chenzhou)
Yellow
red soil
4.48 11.6 12.5 20.9 0.98 5.34 15.2 10.6 6.2 34.0 34.0 1.9 21.2 289.4
(b) Speciation fractions of heavy metals in the original soils (mg kgÿ1)a
Soil A Ex- OMn- OM- AOFe- COFe- Res- Soil B Ex- OMn- OM- AOFe- COFe- Res-
Cd 0.24 (17.9) 0.13 (9.7) 0.22 (16.4) 0.19 (14.2) 0.20 (14.9) 0.36 (26.9) Cd 0.28 (15.4) 0.28 (15.4) 0.19 (10.4) 0.21 (11.5) 0.27 (14.8) 0.59 (32.4)
Cu 0.86 (2.5) 0.84 (2.4) 1.77 (5.1) 1.41 (4.1) 6.95 (20.1) 22.7 (65.7) Cu 0.76 (3.7) 0.56 (2.7) 1.71 (8.3) 1.23 (6.0) 6.80 (33.2) 9.43 (46.0)
Zn 3.92 (1.5) 4.46 (1.7) 11.3 (4.3) 4.51 (1.7) 14.6 (5.5) 226.1 (85.4) Zn 4.47 (1.5) 7.36 (2.5) 23.9 (8.2) 6.52 (2.2) 19.6 (6.7) 229.0 (78.7)
a Ex-: exchangeable; OMn-: bound to manganese oxides; OM-: bound to organic matter; AOFe-: bound to amorphous iron oxides; COFe-: bound to crystalline iron oxides; Res-:
residue. Values in parentheses are the percentage of each fraction of heavy metals.
fraction was residue (79–85%), and the other fractions
accounted for only a small part.
4. Results
4.1. Releases of heavy metals and major cations
4.1.1. Releases of heavy metals from the contaminated
soils after 10 days
Release of a certain element represented the sum of
the amount of this element in 5 extracted soil
equilibrium solutions during a period of 10 days.
From AR1 to AR5 (increasing the acidity and TDS),
the releases of heavy metals from the contaminated
soils after 10 days increased generally, especially for
Soil A (Fig. 1). Among the three elements, Zn was the
most easily released (104–190 mg kgÿ1 for Soil A,
157–179 mg kgÿ1 for Soil B) and showed the highest
sensitivity to acid deposition, probably due to higher
Zn contents in the two soils. The releases of Cd were in
ranges of 59–127 mg kgÿ1 for Soil A and 101–115 mg
kgÿ1 for Soil B. The releases of Cu (13–77 mg kgÿ1
for Soil A, 23–80 mg kgÿ1 for Soil B) were much
lower than those of Zn and Cd, implying that soil Cu
was less sensitive to acid deposition compared with the
other two elements. With increasing acidity and TDS
of the simulated solutions, increasing magnitudes of
the releases of heavy metals from Soil A were much
obvious than from Soil B, showing that the releases of
heavy metals from Soil A were strongly controlled by
the acidity and TDS in deposition. For Soil B, the
dependence on the acidity was less clear, and even
weak acid deposition could lead to great releases of
heavy metals, according with higher releases of Cd,
Cu, and Zn from Soil B than from Soil A in most cases.
4.1.2. Time evolution of heavy metal concentrations in
the soil equilibrium solutions
In order to simulate the leaching process of acid
deposition in the field, 30 g contaminated soil sample
was continuously extracted with 150 ml of fresh
simulated acid deposition solutions 5 times for 10
days, so that concentrations of heavy metals in the soil
equilibrium solutions declined rapidly in general with
increasing extracting time (Fig. 2). This indicated that
heavy metals in these two contaminated soils could be
easily removed by acid deposition from soil phase to
solution phase. In most cases, the differences were
clearly observed among various treatments of simu-
lated acid deposition, especially for Soil A and for Cu
in Soil B. The treatment of AR5 resulted in higher
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Fig. 1. Effects of simulated acid deposition on releases of heavy metals from the contaminated soils. Release of a certain element was the sum of
this element in 5 soil equilibrium solutions extracted with different simulated acid deposition solutions during a period of 10 days. AR1 to AR5
were different simulated acid deposition solutions (pH ranging from 5.6 to 3.0 and total dissolved salts increasing).
concentrations of heavy metals than the treatments of
the other four solutions. Comprehensive analysis of
compositions of simulated acid deposition solutions
and concentration trends of heavy metals in Fig.
2 demonstrated that effects of various simulated
solutions on releases of soil heavy metals were
AR5NAR4~AR3NAR2NAR1, according with the
potentials of these solutions to acidify soil showed by
the ratio values of [Ca2++Mg2+]1/2/[H+] in Table 1.
Higher concentrations of Zn and Cd in soil equilibrium
solutions were related to higher Zn contents and higher
Cd exchangeable fractions in the two contaminated
soils, respectively (see Table 3), and showed higher
sensitivity of soil Zn and Cd to acid deposition than that
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Fig. 2. Concentration trends of heavy metals in soil equilibrium solutions. Each step represented the heavy metal concentration in a soil
equilibrium solution extracted from 30 g contaminated soil sample by adding 150 ml of fresh simulated acid deposition solution. The total
extracting process was conducted 5 times during a period of 10 days. AR1 to AR5 were different simulated acid deposition solutions (pH
ranging from 5.6 to 3.0 and total dissolved salts increasing).
Table 3
Speciation fractions of heavy metals in the contaminated soils treated with various simulated acid deposition solutions (mg kgÿ1)
Heavy metal Fractiona Soil A Soil B
AR1 AR2 AR3 AR4 AR5 AR1 AR2 AR3 AR4 AR5
Cd Ex- 62.56 60.96 43.44 34.60 9.03 22.83 20.88 10.72 12.04 3.31
OMn- 22.87 14.53 14.24 12.77 11.99 21.94 21.87 21.44 21.42 21.53
OM- 39.93 36.42 34.06 33.54 31.19 42.52 42.46 40.97 35.53 34.62
AOFe- 0.28 0.41 0.37 0.33 0.26 0.24 0.20 0.13 0.18 0.22
COFe- 0.41 0.17 0.28 0.35 0.27 0.26 0.34 0.25 0.20 0.23
Res- 0.34 0.29 0.40 0.36 0.35 0.62 0.72 0.66 0.54 0.55
Cu Ex- 19.83 19.65 24.55 27.47 18.90 10.38 11.26 9.68 9.56 8.46
OMn- 71.73 70.91 68.74 65.82 42.12 51.21 50.67 47.02 42.11 33.27
OM- 68.45 66.43 63.90 59.88 48.12 69.57 70.40 64.88 63.12 54.78
AOFe- 17.68 16.59 16.40 14.68 16.77 24.24 27.34 25.70 26.79 21.87
COFe- 31.45 30.72 26.16 25.62 29.89 33.72 36.82 35.90 36.63 32.17
Res- 26.89 25.98 25.70 26.43 23.51 13.51 14.42 13.51 13.69 13.15
Zn Ex- 43.11 41.03 32.02 27.39 8.05 14.99 13.82 8.41 8.40 4.69
OMn- 17.10 15.31 11.89 7.49 4.84 9.69 9.93 13.10 7.61 5.05
OM- 24.28 23.63 17.42 13.70 6.49 33.97 30.03 24.12 24.71 23.68
AOFe- 4.03 3.75 3.75 4.81 4.27 6.92 6.49 6.51 6.76 6.27
COFe- 20.76 23.66 22.42 26.02 25.23 34.44 30.60 27.56 28.37 30.94
Res- 193.60 185.08 199.20 196.63 187.83 198.91 190.26 191.69 200.93 205.06
a Ex-: exchangeable; OMn-: bound to manganese oxides; OM-: bound to organic matter; AOFe-: bound to amorphous iron oxides; COFe-:
bound to crystalline iron oxides; Res-: residue.
of Cu (Xie et al., 1991). However, releases of soil heavy
metals could probably be some slow processes in the
natural conditions, and refreshing extracting solutions
5 times within 10 days in laboratory accelerated these
processes in kinetics. No attempt to extrapolate these
kinetic data to the field conditions should be done.
4.1.3. Releases of major soil cations
Another set of batch experiment using the same
simulated acid deposition solutions was conducted for
the original soil samples. An analysis of t-test indicated
that although it was not very significant, Al3+ release
was generally greater from the original soils than from
the contaminated soils (t=1.703; n=10, q0.05=2.262),
especially for the treatments of AR3, AR4, and AR5,
and in Soil B (Fig. 3). It seemed that soil contamination
with heavy metals might reduce Al3+ release perhaps
due to a competition of heavy metals with soil Al3+
when exposed to acid deposition. In contrast, the
contaminated soils released significantly larger
amounts of base cations Ca2+ (t=2.410; n=10,
q0.05=2.262) and Mg
2+ (t=3.226; n=10, q0.05=2.262)
than the original soils, especially in Soil A. The major
reasons were probably (1) heavy metals exchanging
with base cations in soils (Tu et al., 1997), and (2) these
base cations having greater mobility than Zn, Cd, and
Cu. AR5 had a low pH and a high ion content, and
hence had a strong ability to remove most of the base
cations out from the soils, so that the releases of base
cations from the contaminated and the original soils
were almost the same. In addition, more Ca2+ andMg2+
and less Al3+were observed to release from Soil A than
from Soil B, probably due to a higher BS value and the
presence of more fine particles in Soil A.
4.2. Changes in speciation fractions of soil heavy
metals
Compared with the original soils, exchangeable
fractions of heavy metals in the non-extracted con-
taminated soils (i.e. after addition of metal chlorides to
the original soils but before extracting with simulated
acid deposition solutions) increased considerably: Cd
from 15–18% to about 60% (119–120 mg kgÿ1), Cu
from 2.5–3.7% to 12–17% (27–39 mg kgÿ1), and Zn
from 1.5% to 19–23% (95–105 mg kgÿ1). This
showed that after 15 days of soaking cultivation with
metal chlorides, most part of added Cd and some part
of added Zn and Cu became exchangeable fractions in
the soils, and activity and mobility of heavy metals
were enhanced greatly. However, because absolute
exchangeable Cu was much lower than exchangeable
Cd and Zn, the release of Cu from the contaminated
soils and the Cu concentrations in the soil equilibrium
solutions were much lower than those of Zn and Cd
(Figs. 1 and 2).
Treated with various simulated acid deposition
solutions, themajor fractions of Cdwere exchangeable,
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Fig. 3. Comparison of cation releases between the original soils and the contaminated soils treated with the same simulated acid deposition
solutions. borigQ means the original soils, and bcontQ means the contaminated soils. Release of a certain element was the sum of this element in 5
soil equilibrium solutions extracted with different simulated acid deposition solutions during a period of 10 days. AR1 to AR5 were different
simulated acid deposition solutions (pH ranging from 5.6 to 3.0 and total dissolved salts increasing).
bound to manganese oxides, and bound to organic
matter in the both soils (Table 3). For Cu, the most
important fractions were bound to manganese oxides,
bound to organic matter, and bound to crystalline iron
oxides, and the other three fractions accounted also for
a certain amount. The most important fraction of Zn
was in the residue (185.1–196.6 mg kgÿ1 in Soil A and
190.3–205.1 mg kgÿ1 in Soil B), but it was lower than
that in the original soils (226.1 mg kgÿ1 in Soil A,
229.0 mg kgÿ1 in Soil B). This indicated that mineral
dissolution, caused by acid deposition, resulted in some
soil Zn in the lattices to be transferred to other fractions,
i.e. some soil heavy metals could be relocated from
non-labile forms to labile ones under effects of acid
deposition. From AR1 to AR5, the fractions of
exchangeable, bound to manganese oxides, and bound
to organic matter for these elements were generally
decreased, implying that these three fractions were
labile and controlled by the acidity and TDS of acid
deposition. In the non-extracted contaminated soils, the
total contents of Cd and Cu in Soil A were almost the
same as in Soil B, and that of Zn was higher in Soil B
than in Soil A. In most cases, however, the total
contents of Cd, Cu, and Zn were higher in Soil A after
extracting, showing that heavy metals in Soil B were
more easily removed out by acid deposition.
5. Discussion
5.1. Effects of acid deposition on releases of soil
heavy metals
Due to cation exchange processes, acid deposi-
tion leads to releases of heavy metals from soils
(Probst et al., 2003), and transforms heavy metals to
the forms taken up more easily by plants (Xie et al.,
1991; Gao et al., 1994). The linear regression
analysis between the releases of soil heavy metals
and the parameters of simulated acid deposition
solutions indicated that pH and total contents of
cations in the solutions were important factors
influencing the releases of soil heavy metals (Table
4). It was obvious that the release of Cu in the two
contaminated soils increased very significantly with
increasing H+ concentrations or total contents of
cations in deposition solutions, and those of Cd and
Zn increased with decreasing solution pH values very
significantly in Soil A and significantly in Soil B.
Higher total contents of cations in the solutions could
also significantly enhance Cd release in Soil A. In this
experiment, however, no special patterns were
observed between the releases of soil heavy metals
and the ratios of [Ca2++Mg2+]1/2/[H+] in simulated
acid deposition solutions.
5.2. Relationships between heavy metal concentra-
tions and pH values in soil equilibrium solutions
After various treatments with different simulated
acid deposition solutions, pH values in the soil
equilibrium solutions (3.85–5.12 for Soil A and
3.96–4.69 for Soil B) were around pH values of the
original soils because the soils had a certain
buffering capacity (Fig. 4). For Soil A, when
pHz4.22, the concentrations of Cd (R2=0.863), Cu
(R2=0.660), and Zn (R2=0.902) very significantly
increased with decrease in pH values in soil
equilibrium solutions (n=21, q0.01=0.301). For Soil
B, when pHz4.34, the concentrations very signifi-
Table 4
Relationships between releases of soil heavy metals and parameters of simulated acid deposition solutions (correlation coefficients R2, n=5)a
Parameters Soil A Soil B
Cd Cu Zn Cd Cu Zn
pH 0.964** 0.533 0.988** 0.904* 0.640 0.777*
H+ (Amol lÿ1) 0.744 0.983** 0.644 0.433 1.000** 0.212
Total cations (Aeq lÿ1) 0.841* 0.931** 0.760 0.546 0.955** 0.310
[Ca2++Mg2+]1/2/[H+] 0.649 0.209 0.753 0.689 0.278 0.690
a Release (mg kgÿ1) of a certain element was the sum of this element in 5 soil equilibrium solutions extracted with different simulated acid
deposition solutions during an period of 10 days.
* q0.05=0.771.
** q0.01=0.920.
cantly increased for Cu (R2=0.776), and significantly
for Cd (R2=0.255) and Zn (R2=0.332), with decrease
in pH values in soil equilibrium solutions (n=16,
q0.01=0.388, q0.05=0.247). These data demonstrated
that heavy metal concentrations were strongly
controlled by pH values in a range of about 4.3–
5.1, and that the mobility of soil heavy metals
increased at relatively lower pH, resulting in higher
concentrations and greater releases of heavy metals.
These results were similar to those of Wilkins et al.
(1998) and Xia (1997). When pH values in soil
equilibrium solutions declined to about 4.2 for Soil
A and 4.3 for Soil B, however, no special pattern
was observed between the concentrations of heavy
metals and pH values for both contaminated soils.
This implied the concentrations of heavy metals to
be controlled by other soil processes when pH
values were lower than about 4.2 in our case
experiment. Dissolution of soil minerals and re-
adsorption of heavy metals by soil surface are
probably key processes involved (Wang et al.,
2004).
5.3. Relationships between changes in soil exchange-
able heavy metals and releases of heavy metals
Some researches indicated that mostly the heavy
metals released were originally in water soluble and/
or exchangeable fractions in the soils (Gao et al.,
1994). However, we should keep in mind that heavy
metals released to soil solutions due to acid
deposition are not only from the exchangeable pools
in the soils. During the leaching processes, some
soil heavy metals would transform from other
fractions to exchangeable fractions, especially when
pH of the solution was low (Wang and Wu, 1995).
Changes in exchangeable heavy metal were the
differences of this heavy metal in exchangeable
fractions in the contaminated soils before and after
extraction with different simulated acid deposition
solutions. Generally, the release of Cd or Zn
increased with the logarithmic increase of the
change of exchangeable Cd (R2=0.790; n=10,
q0.01=0.585) or Zn (R
2=0.754), but no significant
pattern was observed between the release of Cu and
the change of exchangeable Cu (Fig. 5). Probably,
the first release of soil Cd and Zn were very
proportional to the exchangeable capacity depletion;
but after probably due to re-adsorption processes,
the release was not so important compared with the
capacity depletion. Under the effects of acid
deposition, therefore, the release of soil Cd or Zn
was positively proportional to the logarithmic
changes in exchangeable pools of soil Cd or Zn.
Because the slope for Zn (344.1) was much greater
than that for Cd (158.3), the release of Zn from
these two soils was much more sensitive to changes
in exchangeable pools than the release of Cd.
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Fig. 4. Relationships between heavy metal concentrations and pH values in soil equilibrium solutions. For Soil A, when pHz4.22 (n=21,
q0.01=0.301, q0.05=0.187), Cd=30.6ÿ5.79*pH (R
2=0.863), Cu=11.6ÿ2.28*pH (R2=0.660), Zn=39.3ÿ7.15*pH (R2=0.902). For Soil B, when
pHz4.34 (n=16, q0.01=0.388, q0.05=0.247), Cd=31.2ÿ6.14*pH (R
2=0.255), Cu=15.6ÿ3.29*pH (R2=0.776), Zn=41.3ÿ7.85*pH (R2=0.332).
5.4. Competition between heavy metals and major
cations
Because acid deposition carries a large amount of
acidic anions (SO4
2ÿ, NO3
ÿ), acidic cation (H+), and
base cations (Ca2+, Mg2+, NH4
+) to the soils, compli-
cated soil chemical processes will happen. We can
mention exchange of soil cations with external cations
(Liao et al., 1997), adsorption of external ions and
desorption of soil ions (Liao et al., 1994), chemical
weathering of primary major and accessory minerals or
secondary minerals (Probst et al., 2000), transforma-
tion of soil cations from one pool to another (Liao et al.,
1998), and leaching of soil base cations (Liao et al.,
1997). Therefore, acid deposition will not only result in
releases of soil heavy metals, but also lead to leaching
of base cations Ca2+ and Mg2+ and release/retention of
toxic Al3+, so that soil acidification and mobilization of
heavy metals will probably happen simultaneously.
Comparison of the original soils and the contaminated
soils demonstrated that relatively more Al3+ was
released from the original soils, and more Ca2+ and
Mg2+ was released from the contaminated soils under
effects of the same acid deposition (Fig. 3). In the soil
systems, there was a competition between soil Al3+ and
heavy metals (Escrig andMorell, 1998), but addition of
heavy metals enhanced exchange with soil base
cations, which demonstrated the mobility of soil
elements to be base cationsNheavy metalsNAl.
5.5. Comparison of the two tested soils
To evaluate effects of acid deposition on soils
contaminated with heavy metals, we could compare
the two soils from two aspects: releases of soil heavy
metals, and releases of soil base cations Ca2+ and
Mg2+, and toxic Al3+. After addition of metal
chlorides but before extracting, the total contents of
heavy metals in the two contaminated soils were
almost the same; after extracting processes, however,
Soil B released more heavy metals than Soil A in most
cases (Fig. 1). Simultaneously, more Ca2+ and Mg2+
and less Al3+ was released from Soil A than those
from Soil B (Fig. 3), although these two soils had the
same amount of exchangeable base cations
(exchangeable base cations=CECBS, see Table 2).
The physico-chemical characteristics of the original
soils showed that Soil A had a higher content of
Al2O3 and more fine particles (mostly clay fractions)
than Soil B. Therefore, Soil A, compared with Soil B,
seemed to have a greater potential to hold metal ions
and to be less sensitive to acid deposition. From AR1
to AR5, the releases of heavy metals in 10 days from
Soil A increased gradually and obviously, but those
Fig. 5. Relationships between heavy metal releases from the contaminated soils and changes in exchangeable heavy metals (n=10, q0.01=0.585).
Release of a certain element was the sum of this element in 5 soil equilibrium solutions extracted with different simulated acid deposition
solutions during a period of 10 days. Changes in exchangeable heavy metal were the differences of this heavy metal in exchangeable fractions in
the contaminated soils before and after extraction with different simulated acid deposition solutions.
from Soil B were kept at a relatively constant and high
level, especially for Cd2+ and Zn2+, indicating that
responses of the two contaminated soils were different
to various types of acid deposition.
6. Conclusions
Hunan, southern China, is an area of heavy metal
mining and of serious acid deposition. Soils in Hunan
are typically red soil and yellow red soil with relative
low weathering rates (Duan et al., 2002). These soils
are vulnerable and sensitive to acid deposition, and
are at risk for a high rate of acidification (Tao et al.,
2002) and for contamination of heavy metals. Due to
acidification of the environment, greater mobility and
potential bioavailability of heavy metals in the soils
are likely to appear. Warned by some extreme
situation in the future, i.e. uncontaminated soils
covering with waste tailings and acid deposition
becoming more serious, we conducted this study in
laboratory conditions. It aimed at the renovation of
extracting solutions to simulate the release processes
of soil heavy metals which might occur in the field.
The results from this work show that complicated soil
processes will lead to releases of heavy metals Cd, Cu,
and Zn, base cations Ca2+ and Mg2+, and toxic
elements such as Al3+ under effects of acid deposition.
If the situation of acid deposition is improved in the
future, i.e. reducing acidity and TDS in acid deposi-
tion, releases of toxic heavy metals will be reduced,
and the terrestrial ecosystems will be greatly
improved. From the point of view of heavy metal
releases, Zn in the two soils is the most sensitive to
acid deposition, followed by Cd and Cu. Releases of
soil heavy metals are closely controlled by pH values
or sometimes by total cation contents in acid
deposition, and some non-labile fractions of heavy
metals will be transformed to labile fraction mostly
due to dissolution of minerals at lower pH (V4.2).
Comparison of the contaminated soils with the
original soils indicates that acid deposition will
increase releases of Ca2+ and Mg2+ due to exchange
with heavy metals and decrease Al3+ release due to
competition with heavy metals. According to the
experiment, Soil B is more sensitive to acid deposition
than Soil A because of greater releases of soil Al, Cd,
Cu, and Zn, which might probably lead to serious
harmful effects on local vegetation (Liu et al., in
press). We should note that, therefore, if mining
activities continue and acid deposition is not under
control in Chenzhou area (Soil B area) in the future,
complex contamination of soil heavy metals and acid
deposition will be a serious environmental problem.
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